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Abstract: This study explored the hydrological impacts of urbanization, rainfall pattern and magnitude in a
developing catchment. The Stormwater Management Model (SWMM) was parameterized, calibrated and
validated in three development phases which had a same catchment area (12.3 ha) but different land use
intensities. The model calibration and validation by using sub-hourly hydro-meteorological data
demonstrated a good performance of the model in predicting stormwater runoff in the different development
phases. Based on the results a threshold between minor and major rainfall events was identified and
conservatively determined to be about 17.5 mm in depth. Direct runoff for minor storm events has a linear
relationship with rainfall; however, events with a rainfall depth greater than the threshold yields a rainfall-
runoff regression line with a clearly steeper slope. The difference in urban runoff generation between minor
and major rainfall events diminishes with the increase of imperviousness. Urbanization leads to an increase
in the production of stormwater runoff, but during infrequent major storms the runoff contribution from
pervious surfaces reduces the runoff changes due to urbanization. Rainfall pattern exerts an important effect
on urban runoff, which is reflected in pervious runoff. With a same magnitude, prolonged rainfall events
with unvarying low intensity yield the smallest peak flow and the smallest total runoff, yet rainfall events
with high peak intensity produce the largest runoff volume. These results demonstrate the different roles of
impervious and pervious surfaces in runoff generation and how runoff responds to rainstorms in urban
catchments depends on hyetograph and event magnitude. Furthermore, the study provides a scientific basis
of the design guideline sustainable urban drainage systems, which are still arbitrary in many countries.
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INTRODUCTION
The main hydrological impacts of urbanization are well known. Many studies have reported that
urbanization increases stormwater runoff volume, flow rates and peak flows and decreases flow time and low
flows (Cheng and Wang, 2002; Shuster et al., 2005; Jang et al., 2007; Dietz and Clausen, 2008; Valtanen et
al., 2014; Guan et al., 2015b; Sillanpää and Koivusalo, 2015). The increase of impervious surfaces and the
utilization of efficient drainage systems are generally considered as the main driver of the hydrological
changes. Detailed knowledge on stormwater runoff generation in pervious and impervious surfaces of an
urban catchment is crucial for urban drainage design. In comparison to impervious runoff, runoff from
pervious areas is more difficult to predict because it is associated with soil and vegetation type as well as
with antecedent wetness (Boyd et al., 1993).
Recent studies have emphasized the uncertain rainfall–runoff behavior of pervious surfaces in urban
areas. For example, some authors (Ando et al., 1984; Boyd et al., 1993) have reported that the contribution
of pervious areas to urban runoff is relatively insignificant, while others (Booth and Jackson, 1997; Price et
al., 2010) have argued that it may be significant. In general, pervious runoff is related to multiple factors,
such as soil types, rainfall pattern, drainage intensity, and extent and distribution of constructed areas.
Rainfall events exhibit large fluctuations in local intensity and magnitude, and several studies have
emphasized the key role of rainfall intensity in soil infiltration and surface runoff production in rural areas
(Smith, 1972; Xue and Gavin, 2008; Dunkerley, 2012). For instance, Smith (1972) investigated the effects of
rainfall pattern on runoff production in a rural area, and he reported that runoff production depends on event
rainfall pattern and that the ‘heavy-light’ pattern yielded the least runoff during the period of intense rain
because the soil infiltrability remained high during the early stage of the event. Using a revised model and
the event data from Smith (1972), Xue and Gavin (2008) found that both infiltration loss and runoff
production are sensitive to event rainfall pattern, and that event patterns with an early peak generate more
infiltration loss but less runoff than those with a late peak, and it was concluded that it is the rainfall pattern
rather than the mean rain rate that strongly controls the relative magnitudes of infiltration and runoff during a
rainfall event. Dunkerley (2012) pointed out that uniform rainfall events with constant intensity yield low
total runoff, low peak flow and low ratio between runoff and rainfall, but these variables can strongly change
with rainfall patterns. Furthermore, studies have shown that pervious surfaces can produce direct runoff in
urban catchments. Sillanpää (2013) and Sillanpää and Koivusalo (2014) reported for residential catchments
that it is possible to define a threshold rainfall depth that indicates a change in direct runoff generation from
effective impervious surfaces onto pervious surfaces. This threshold corresponded to rainfall depth of 17-20
mm based on data from 601 storms. Based on the analysis of 763 storms from 26 urban catchments, Boyd et
al. (1993) indicated that pervious runoff mainly depended on the event rainfall depth for storms less than 40
or 50 mm, while for the larger storms rainfall intensity and antecedent wetness also had an effect on runoff
generation. Burton and Pitt (2002) reported that pervious areas may contribute the majority of urban runoff
when the amount of rainfall exceeds approximately 20 mm. For the urban catchments in Florida, the same
was observed for rainfall depths exceeding 25 mm (Said and Downing, 2010).
The studies cited above emphasized the contribution of pervious areas to the total urban runoff and its
relationship with event magnitude. However, the combined effects of land cover change, rainfall pattern, and
event magnitude on urban runoff generation have been not widely explored. This study presents simulations
of urban storm runoff generated by various rainfall patterns and event magnitudes in three phases of a
developing catchment in southern Finland. Long-term monitoring data with its quality assured by Sillanpää
(2013) is used to calibrate and validate the SWMM model. The main aims of the study are (i) to identify a
threshold between minor and major rainfall events in the study catchment, (ii) to quantify stormwater runoff
contributed from impervious and pervious surfaces in the three development phases with distinct land use
intensity, and (iii) to investigate the combined effects of urbanization, rainfall pattern and event magnitude in
the studied catchment.
METHODOLOGY
Study catchment
The study catchment is located in the city of Espoo, southern Finland. Finland belongs to the temperate
coniferous-mixed forest zone with cold, wet winters. Generally November to April belongs to a period with
snow and freezing temperatures. During 2001-2006, the catchment was gradually developed from a rural
area to a medium density residential area. In 2004 the construction work had led to a clear increase of the
impervious surfaces (IS) (22.3%) in the catchment. The impervious surfaces were further increased due to
the construction work in the following years 2005 (33.4%) and 2006 (38.7%). In view of the land use
intensity represented by the impervious surfaces, three phases of the catchment were prescribed: phase2004,
phase2005 and phase2006. Table 1 illustrates the characteristics of the three development phases. The
information from the Geological Survey of Finland demonstrates that the study site is covered by a layer of
sandy till underlined with bedrock. The impervious land cover mainly includes apartment buildings and
areas of pavements, streets, and parking lots. The impervious surfaces for each phase were digitized based on
the 2011 aerial photo images in ArcGIS and the land use map (Figure 1).
Table 1. Characteristics of the three development phases of the catchment
Summary phase2004 phase2005 phase2006
total catchment area (ha) 12.3 12.3 12.3
estimated imperviousness (% IS) 22.3% 33.4% 38.7%
pervious area (ha) 9.53 8.17 7.52
impervious area (ha) 2.73 4.09 4.74
mean slope (%) 18.9
maximum slope (%) 32.6
land use apartment buildings, pavement, street and parking lot
soil type sandy till with bedrock underneath the topsoil
surface type buildings’ roof, asphalt/concrete for other impervious surfaces, andlawn and forest for the pervious areas
Figure 1 Impervious surfaces and pervious areas in (a) phase2004 (b) phase2005 and (c) phase2006
Data acquisition
The digital elevation model (DEM) with 2 × 2 m2 grid cell size was used to delineate the urban catchment.
Precipitation data was monitored during the construction period from 2001-2006 in a weather station located
in the catchment outlet. The station was equipped with an ARG100 tipping bucket rain gauge, adjusted for a
volume resolution of 0.2 mm. The temporal resolution of rainfall records was 10 min before September 2005
and 2 min starting from September 2005. Flow rates in a v-notch weir in an open ditch just outside the pipe
sewer outlet were available for model calibration and validation. The flow measurements included runoff
from the sewer network of the catchment and subsurface runoff affecting the low flow rates. More details
about the instrumentation can be found in Sillanpää (2013) and Sillanpää and Koivusalo (2015). The
stormwater network was provided by the Helsinki Region Environmental Services Authority. The network
consists of 80 manholes and 77 pipes with circular shape. The diameter of the pipes is in a range of 250–650
mm.
Model implementation
The EPA Stormwater Management Model (SWMM) was selected to perform the hydrological analysis in the
studied urban catchment. SWMM is a widely used urban hydrological model for single event or long-term
(continuous) simulation of runoff quantity and quality from primarily urban areas (Denault et al., 2006; Jang
et al., 2007; Meierdiercks et al., 2010; Krebs et al., 2014; Guan et al., 2015b; Guan et al., 2015a). SWMM
describes the urban catchment as a drainage network and a set of subcatchments connected to the network. A
model parameterization set up earlier by (Guan et al., 2015b) for the post-development phase (phase2006) of
the studied catchment was available for this study. The parameterization of surface properties and drainage
network for the intermediate development phases (phase2004 and phase 2005) were directly adopted from
Guan et al. (2015b). In the parameterizations, the catchment was divided into 93 subcatchments based on the
DEM, land use, and the sewer network layout. Each subcatchment is drained through the stormwater
network. The imperviousness is adjusted at the subcatchment level to describe different land cover fractions
(pervious and impervious) of the phase2004 and phase2005. SWMM supports the use of three different
routing models for the stormwater network, and the Kinematic Wave model was used in this study to
simulate the flow routing in the pipes. The slope of pipes is in a range of 0.02 – 0.24. The model takes
infiltration loss and evaporation loss into account. Infiltration loss from pervious surfaces was calculated by
using the GREEN-AMPT model. Evaporation was computed in the SWMM module based on the recorded
daily averaged air temperature. The subcatchment characteristics, e.g. area (A), slope (S), flow path (L),
imperviousness (IS), and flow width (W), were determined based on the DEM dataset and aerial photos of
the catchment using the ArcGIS toolbox.
Simulation design
In this study, the rainfall-runoff events only in warm period (April to October) were chosen for the model
calibration and validation in the three phases. Although the three phases represent different levels of
imperviousness, they share the same soil types and surface properties, such as soil infiltration, surface
storage depth and surface roughness etc. Therefore, to keep the consistence of the parameters, the calibration
and validation of the model were performed during the whole developing period, i.e. the parameters were
calibrated as the same for the three phases. The calibration and validation in the post-development phase
(phase2006) was successfully performed in our previous study (Guan et al., 2015b). Herein we selected
additional 12 events from phase2004 and phase2005 to re-validate these parameters to ensure a good
performance of the models for simulating stormwater runoff in all three phases. Table 2 lists the selected
rainfall-runoff events. The rainfall depth of these events ranges from 4.6 mm to 39.2 mm and the storm
duration is in the range of 28 minutes to 15 hours 50 minutes. The set of events characterized the diversity of
the rainfall hyetographs. The 12 events for validation are coded as V1 to V12. The model performance was
quantified using the coefficient of determination (R2) (Hirsch et al., 1992) and the Nash–Sutcliffe model
efficiency coefficient (NSE) (Nash and Sutcliffe, 1970).
Rଶ =
⎣
⎢
⎢
⎡
∑ ൫ܳ ୭,୲− ܳ୭തതതത൯൫ܳ ୫ ,୲− ܳ୫തതതത൯୲
ට∑ ൫ܳ ୭,୲− ܳ୭തതതത൯ଶ୲ ∑ ൫ܳ ୫ ,୲− ܳ୫തതതത൯ଶ୲ ⎦⎥
⎥
⎤
ଶ (1)
NSE = 1 −
∑ ൫ܳ ୭,୲− ܳ୫ ,୲൯ଶ୲
∑ ൫ܳ ୭,୲− ܳ୭തതതത൯ଶ୲ (2)
where Qo,t is the observed discharge (m3/s) at time t, Qm,t is the modelled discharge (m3/s), ܳ୭തതതതis the average
for the observed discharge (m3/s), and ܳ୫തതതത is the average for the modelled discharge (m
3/s). The higher
values of the two indicators represent more accurate models.
Table 2. Summary of rainfall-runoff events for simulation
event code start date end date rainfall depth (mm) duration (h:m)
V1 16/5/2005 7:10 16/5/2005 23:00 12.6 15:50
V2 31/5/2005 19:50 1/6/2005 8:30 32.2 12:40
V3 29/6/2005 17:40 29/6/2005 21:00 4.6 3:20
V4 22/7/2005 10:40 22/7/2005 17:40 12.8 7:00
V5 8/8/2005 9:00 8/8/2005 18:10 15.2 9:10
V6 28/8/2005 8:00 28/8/2005 20:30 39.2 12:30
V7 3/7/2004 10:20 3/7/2004 19:00 28.0 8:40
V8 17/8/2004 10:10 17/8/2004 17:50 16.8 7:40
V9 18/8/2004 14:30 18/8/2004 16:10 19.4 1:50
V10 21/9/2004 11:00 21/9/2004 15:50 5.0 4:50
V11 25/9/2004 2:20 25/9/2004 9:40 11.0 7:20
V12 26/9/2004 14:20 27/9/2004 2:10 21.0 11:50
E1 modeling of over 60 events during the record period for the P-R regression analysis
E2 designed rainfall pattern 1
E3 designed rainfall pattern 2
E4 designed rainfall pattern 3
To analyze the relationship between rainfall and runoff, over 60 rainfall events with varying depth and
duration recorded during 2001-2006 are simulated using the model parameterization of the three phases (E1
in Table 2). Three hyetographs are designed (Figure 2) and simulated in the three phases in order to explore
the hydrological behavior in response to different rainfall patterns. Pattern1: periodic rainfall with a duration
of 7 hours and 50 minutes; pattern2: continuous rainfall with a duration of over 14 hours; pattern3: short-
time heavy storm rainfall with a duration of only 4 hours and 32 minutes. All the three patterns have a same
depth of 84.8 mm. In southern Finland, a daily precipitation depth with a recurrence interval of 100 years is
approximately 70-80 mm (Kuusisto, 1980) and in Espoo, the maximum observed daily rainfall depth has
reached 198 mm (FMI, 2014). Although the designed rainfall with such high intensity does not occur
frequently, the exploration of runoff generation during such extreme rainfall events is useful to improve the
understanding on storm runoff response to different rainfall patterns.
Figure 2 The three rainfall patterns with a same total depth
RESULTS
Model calibration and validation
We assumed the characteristics of the catchment surfaces are not affected by urban construction. The
SWMM parameterization of Guan et al. (2015b) (excluding the imperviousness) was initially used, and
these parameters were then uniformly validated based on the chosen rainfall-runoff events during the three
catchment development phases from 2004 to 2006. The same model parameter values were applied
throughout the simulations, but the imperviousness was changed in the subcatchments in line with the
impervious areas of phase 2005 and phase 2004. Figure 3 demonstrates the measured and simulated flow
rates of the 6 selected events for model validation in phase2005, and Figure 4 shows the results for validation
in phase2004. The modelled peak flow rates have good agreement with the measurements for both single
events and sequences of events. Table 3 illustrates the values of R2 and NSE for the selected events in both
phases. It can be seen that in phase2005, the smallest R2 is 0.88 which implies still very high correlation, and
NSE (NSE > 0.77 for all six events in phase2005) is also achieved fairly well by the model. Likewise, high
R2 were also obtained in the phase2004 which has the smallest land use intensity. Except V7 and V12, NSE
for other events in phase2004 was shown to be larger than 0.82. The smaller values of NSE for V7 and V12
are mainly caused by the mismatch between simulations and measurements in terms of low flows after
rainfall. The high stormwater runoff was still well predicted for both events. Since our main concern is on
high stormwater runoff, Figure 5 plots a comparison between the modelled and measured peak flows of all
the events in the three phases. A regression line with R2 of 0.94 was obtained, which indicates a good
performance of the constructed model in predicting the peak flows. Despite the fact that there are some
discrepancies between the simulated and measured low flows, the validation of the model in all three phases
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demonstrates the data quality in terms of consistency between the rainfall and runoff observations and the
reliability of the model in describing the hydrological behavior of the catchments with different land use
intensity. Thus, the validated models can be applied to perform a further hydrological analysis in the
developing urban catchment.
Figure 3 Model validation in phase2005
Figure 4 Model validation in phase2004
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Figure 5 The comparison of measured and simulated peak flows for all phases
Table 3. Statistics of model performance
Event code V1 V2 V3 V4 V5 V6 V7 V8 V9 V10 V11 V12
R2 0.93 0.91 0.88 0.95 0.90 0.93 0.78 0.92 0.92 0.89 0.95 0.80
NSE 0.84 0.77 0.87 0.93 0.82 0.86 0.41 0.82 0.82 0.86 0.83 0.59
Runoff generation during minor and major rainfall events
Although the parameters of soil infiltration were calibrated, the heavy (prolonged) rainfall events producing
runoff from pervious areas were so limited that there was a high uncertainty in the infiltration parameters. In
consideration of the potential uncertainty of soil infiltration, six sets of parameters (Table 4) defined by the
SWMM User’s Manual (Rossman, 2010) are chosen to investigate the relationship of rainfall magnitudes
and the resulting urban runoff (P-R relationship). Over 60 rainfall events with a wide range of total rainfall
depths are simulated (E1 in Table 2). Figure 6(a-f) illustrates the simulated relationships for phase2006
between rainfall and runoff for minor and major rainfall events using the different sets of infiltration
parameters. It indicates that a threshold exists in each case and that the slope of the rainfall-runoff regression
changes at the threshold. We regard this value as the threshold for minor and major rainfall events as
previously suggested by Sillanpää and Koivusalo (2014). It is shown that the threshold for minor and major
rainfall events is higher in the soil with a higher infiltration coefficient; the value in phase2006 is estimated
to be 39.4 mm, 36.4 mm, 30.7 mm, 19.2 mm, 17.7 mm and 17.5 mm for S1, S2, S3, S4, S5 and S6 (Table 4),
respectively. The runoff produced by the minor rainfall events has a linear relationship with the event rainfall
depth and the slopes of regression lines for the six scenarios differ from each other very slightly. However,
the major rainfall events have a smaller R2 of the regression lines (but it is still greater than 0.9). The points
y = 0.999x + 0.9448
R² = 0.9401
0
50
100
150
200
250
300
0 100 200 300
m
od
el
le
d
pe
ak
flo
w
(l/
s)
measured peak flow (l/s)
simulation
equal line
of P-R relationships for major events are shown to be scattered in Figure 6(d-f), which is probably caused by
the different hyetograph of each selected rainfall; some are short-time high intensity storms, but others are
prolonged lower intensity rainfall events. Overall, the regression relationship for major events is also shown
to be approximately linear.
Table 4. Infiltration parameters for different soil types
Soil No. Soil type saturated hydraulicconductivity (mm/h)
suction head
(mm)
initial soil moisture
deficit
S1 Sandy Loam 10.922 109.982 0.263
S2 Loam 3.302 88.9 0.231
S3 Silt Loam 6.604 169.926 0.217
S4 Sandy Clay Loam 1.524 219.964 0.154
S5 Clay Loam 1.016 210.058 0.154
S6 Silty Clay Loam 1.016 270.002 0.129
Figure 6 Regression analysis of rainfall and runoff for the simulated minor and major rainfall events in soil types from
S1(a) to S6 (f)
In Figure 7(a), the dashed lines represent the regression lines for major events obtained from Figure 6(a-
f). These regression lines indicate that the soil with a lower infiltration capacity produces more runoff during
a same major rainfall event, and the runoff difference can reach 20.1 mm for a 60 mm rainfall event,
increasing by 97.8%. Since the data from high rainfall events are scarce and the shape of the hyetograph
affects the model results, it is difficult to determine the exact values of the soil infiltration parameters. In
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fact, each relationship in Figure 6 is likely to occur in reality. In consideration of this, all the P-R scatters for
the six sets of parameters yields a regression line with a good R2 (0.831). Similarly, Figure 7(b) and Figure
7(c) demonstrate the P-R relationships for minor and major rainfall events in phase2005 and phase2004. The
area between the red line and the black line is the largest in phase2004, suggesting that the runoff difference
between minor and major rainfall events is more distinctive in the catchment with a lower imperviousness.
Figure 7(d) shows the runoff contributions separately from the impervious surfaces and the pervious surfaces
during the three phases. It shows that the impervious runoff is significantly influenced by land cover changes
from 2004 (22.6% IS) to 2006 (38.7% IS) and is proportional to the imperviousness. In addition, the changes
in the direct impervious runoff increase linearly with rainfall magnitudes. However, the critical threshold
value is hardly affected by the imperviousness. The increase of the imperviousness implies the decrease of
the pervious surfaces in the catchment, thus, the urbanization leads to the reduction of the runoff contributed
from the pervious areas.
Figure 7 Rainfall-runoff relationships for (a) phase2006, (b) phase2005 and (c) phase2004, (d) the runoff contributed by
the impervious areas and the pervious areas
For this particular site, we conservatively treated the minimum of six scenarios (17.5 mm in rainfall
depth for S6) as the threshold between minor and major rainfall events. A similar threshold was also
determined in the catchment based on the analysis of rainfall-runoff data by Sillanpää and Koivusalo (2014).
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The events with a total rainfall depth greater than 17.5 mm are considered as major rain storms which can
induce considerable amount of pervious runoff (Figure 7d). The events below the depth of 17.5 mm are
regarded as minor rain storms. The value of 17.5 mm is a conservative estimate that ensures the consistency
of the runoff features during minor rainfall events. For the events greater than the threshold, the runoff
generation will further depend on other indicators such as rainfall intensity and duration.
Hydrological impacts of land cover change relevant to rainfall magnitudes
As noted above, the hydrological behavior of an urban catchment varies with event magnitude. In order to
explore how hydrographs change with urbanization and how rainfall magnitudes influence the hydrological
changes in an urbanized catchment, a periodic rainfall event (pattern 1 in Figure 2) was designed and
simulated. This event has four consecutive rainfall periods, each of which has a rainfall depth of 21.2 mm
and lasts for 110 minutes. This event was simulated using the parameterizations for the three development
phases: phase2004, phase2005 and phase 2006.
Figure 8 shows the modelled flow rates from the whole catchment area (Figure 8a), from the impervious
surfaces (Figure 8b) and from the pervious areas (Figure 8c) during the three development phases. It
demonstrates the effects of land cover changes on the total flows and the two components from the
impervious and pervious areas. As expected, phase2006 with the highest imperviousness yields the largest
peak flows. The simulated flow rates for phase2006 are slightly larger than those for phase2005 due to the
slight difference of the imperviousness between the two phases. The flow rates in both phase2006 and
phase2005 at the peak stages are significantly larger than the peak flows in phase2004. Yet, the difference
tends to diminish at the recession limb of the last two rainfall periods of the four periods of E2. Also, we
found that the last two rainfall periods produce more runoff in comparison to the first two rainfall periods
with a same rainfall depth. This is because the pervious areas start contributing runoff during the later part of
the rainfall sequence (Figure 8c). The impervious flow rates have a similar pattern during the four rainfall
periods, and as expected, the catchment with higher imperviousness generates more direct runoff (Figure
8b). This is attributed to the similar characteristics of the impervious surfaces within the catchment. In
contrast to the impervious runoff, the pervious runoff starts to be generated at the 3 hours and 24 minutes for
all three development phases, and thereafter the pervious runoff strongly increases with time. The peak
value, total runoff volumes, and response time of the pervious flows are completely different from the direct
impervious flows. Specifically, the pervious runoff is delayed, e.g. the last impervious peak flow occurs at 7
hours, 24 minutes, while the occurrence time of the last pervious peak flow is 7 hours, 32 minutes, with an 8
minutes delay. In contrast to the impacts of urbanization on direct impervious runoff, urban development
from phase2005 to phase2006 causes a reduction of pervious runoff due to the surface construction. This
elaborates why the change in urban runoff caused by an incremental increase of high imperviousness become
weaker than the change by an incremental change of low imperviousness for a major rainfall event.
Figure 8 The simulated flow rates contributed from (a) the whole catchment, (b) the impervious surfaces, and (c) the
pervious surfaces in the three development phases
Figure 9 plots the ratio of pervious runoff-to-total rainfall (PR-TR ratio), the ratio of impervious direct
runoff-to-total rainfall (IR-TR ratio), and the ratio of total runoff-to-total rainfall (TR ratio) during the minor
rainfall depths (< 17.5 mm) and the major rainfall depths (17.5 - 84.8 mm) in the three development phases.
It emphasizes that both minor and major rainfall events have a same impervious direct runoff ratio for the
three phases (Figure 9b,e), and the ratio is proportional to the imperviousness of the urban catchment.
Sillanpää (2013) reported that the ratios of the observed direct runoff to rainfall depth are smaller than the
catchment imperviousness. However, the simulation shows an IR-TR ratio close to the imperviousness
because the simulated evapotranspiration loss was low. Additionally, Figure 9(a,d) demonstrates that the PR-
0
2
4
6
8
100
300
600
900
00:00 01:00 02:00 03:00 04:00 05:00 06:00 07:00 08:00 09:00
pr
ec
ip
ita
tio
n
(m
m
)
flo
w
ra
te
(l/
s)
elapsed time (hh:mm)
0
2
4
6
8
100
300
600
900
00:00 01:00 02:00 03:00 04:00 05:00 06:00 07:00 08:00 09:00
pr
ec
ip
ita
tio
n
(m
m
)
flo
w
ra
te
(l/
s)
elapsed time (hh:mm)
0
2
4
6
8
100
300
600
900
00:00 01:00 02:00 03:00 04:00 05:00 06:00 07:00 08:00 09:00
pr
ec
ip
ita
tio
n
(m
m
)
flo
w
ra
te
(l/
s)
elapsed time (hh:mm)
2004
2005
2006
precipitation
(a)
(b)
(c)
TR ratios for the major and minor rainfall events significantly differ from each other. Specifically, no runoff
is generated from the pervious areas for the minor events, whereas for the major rainfall events, the pervious
surfaces contribute considerable amount of runoff. Particularly, in the phase with a higher percentage of
pervious area than impervious area, the pervious runoff can exceed the impervious surface runoff. The
impervious direct runoff increases with the imperviousness, but the relationship is contrary for the pervious
runoff. Figure 9f shows that the total runoff ratio increases due to urban development from 2004 to 2006, but
the runoff contribution of pervious areas diminishes the difference due to urban development. As the
pervious runoff is negatively correlated with soil infiltration, the pervious areas with lower soil infiltration
yield more runoff. Thereby, the difference in storm runoff due to changing imperviousness is smaller in low
infiltration than high infiltration areas.
Figure 9 Runoff-to-rainfall ratios for (a) the pervious surfaces, (b) the impervious surfaces and (c) the whole area during
the minor rainfall event (<17.5 mm), and for (d) the pervious surfaces, (e) the impervious surfaces and (f) the whole
area during the major rainfall event (17.5 - 84.8 mm) in the different development phases; note: simulated represents
the simulated results with the validated soil infiltration parameters, lower-upper range represents the simulated
minimum and maximum scenarios using the largest soil infiltration and the smallest soil infiltration.
Effects of rainfall pattern on urban runoff
Figure 10 demonstrates the simulated flow from the whole catchment and from the pervious surfaces for
rainfall patterns 2 and 3 (Figure 2) in the three development phases. For rainfall pattern 2, the total flow is
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directly contributed from the impervious surfaces, i.e. the pervious areas do not yield runoff even though the
total rainfall depth reaches 84.8 mm which is much greater than the threshold of minor and major rainfall
events estimated based on the rainfall depth of an event. For rainfall pattern 3, Figure 10(b) implies that the
effects of urbanization on the total flow and the pervious flow are similar to that for pattern 1, i.e. urban
development increases the total runoff, but reduces the pervious runoff. Yet, the pervious areas start to
generate runoff when the total rainfall depth reaches 22.6 mm for pattern 3. The corresponding total rainfall
depth that triggered pervious runoff was 37.0 mm for pattern 1 (see Figure 8). This demonstrates that the
pervious runoff is not only related to the event magnitude, but also depends on the rainfall pattern. Figure
11(a) indicates that the PR-TR ratios for the three patterns differ from each other remarkably. Pattern 3
yields the largest PR-TR ratio which is more than double in comparison to that for pattern 1, and the ratio is
zero for the rainfall pattern with constant low intensity (pattern 2). It is shown that the impervious runoff is
not influenced by the rainfall pattern, and it is only related to the imperviousness of the catchment. The
difference in the pervious runoff caused by the rainfall pattern is also represented in terms of the total runoff
ratios (Figure 11c). Table 5 lists the PR-TR ratio, the IR-TR ratio, the TR ratio, and the total runoff volume
for the three patterns in phase2006. Therein, the IR-TR ratios are almost the same irrelevant to the rainfall
pattern, but the PR-TR ratios and the TR ratios for the three patterns are greatly different. For example, PR-
TR ratio and TR ratio for pattern 3 are much larger than those for pattern 1 by an order of 2.2 and 1.3
respectively. It is clear that the soil infiltration becomes lower along with increasing rainfall intensity.
Accordingly, more runoff is generated during the rainfall pattern with higher intensity (Table 5). The
characteristic is the same for other development phases.
Figure 10 The simulated total flow and the pervious flow in phase2004, phase2005, phase2006: (a) rainfall pattern 2,
(b) rainfall pattern 3. Note that there is no pervious flow for rainfall pattern 2.
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Figure 11 The simulated direct runoff ratio for the three rainfall patterns (a) the ratio of the pervious runoff to the total
rainfall, (b) the ratio of the impervious runoff to the total rainfall, and (c) the ratio of the total runoff to the total rainfall.
Table 5. Runoff ratios for the three patterns and the total runoff volume in the development phase IS38.7%
rainfall pattern PR-TR ratio IR-TR ratio TR ratio
total runoff
volume (×103 m3)
pattern 1 0.12 0.37 0.49 5.15
pattern 2 0 0.38 0.38 3.94
pattern 3 0.26 0.38 0.64 6.59
DISCUSSION
The earlier studies about the contribution of pervious surfaces to urban runoff have provided controversial
results (Boyd et al., 1993; Booth and Jackson, 1997; Price et al., 2010): some studies showed insignificant
contribution of pervious areas, yet other results were opposite. It has been reported that rainfall depth is
considered to be a key factor influencing the contribution of pervious areas to urban runoff and a threshold
depth exist in a specific urban catchment (Burton and Pitt, 2002; Said and Downing, 2010; Sillanpää and
Koivusalo, 2014). In this study, we demonstrated and quantified how the hydrological behavior in pervious
areas depends on soil infiltration and rainfall magnitudes. The results show that the regression relationship of
rainfall and runoff in a periurban catchment is different for minor rainfall events and major rainfall events,
and an event size threshold can be identified. Previously, Sillanpää and Koivusalo (2014b) reported
precipitation thresholds within a range of 17-20 mm for three urban catchments with different development
densities but with rather similar soil types. In this study, we demonstrated that this threshold is closely
related to the soil infiltration parameters in the studied catchment. In soil with a smaller infiltration
coefficient, the infiltration loss is reduced, therefore resulting in a smaller threshold. Conversely, the
threshold is larger for the soil with the higher infiltrability. For example, the thresholds greater than 35 mm
were calculated for the high infiltration parameters S1-S2 in SWMM (Table 4). However, such high
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thresholds may unlikely occur in the studied urban setting, because the soil infiltrability of pervious areas is
reduced due to the topsoil removal and the compaction in comparison to the rural conditions (Gregory et al.,
2006; Pitt et al., 2008; Woltemade, 2010). In the study site, the overall rainfall-runoff regression line for
major rainfall events is shown to be linear but with a smaller R2=0.83. The slope of P-R regression line for
major rainfall events can be up to two times higher than the slope for minor rainfall events. Figure 7 shows
that runoff from impervious areas is increased significantly due to land cover changes from 2004 (22.3%) to
2006 (38.7%), and the changes are increased linearly with rainfall magnitudes. However, the threshold of
minor and major rainfall events is hardly affected by the land cover change. Lee and Heaney (2003) pointed
out that it is necessary to determine a lower threshold of storms. In the developing urban catchment, the
threshold between minor and major events is conservatively determined to be 17.5 mm of rainfall depth
based on the regression analysis of various magnitudes of rainfall and runoff. For the major rain storms
greater than 17.5 mm, pervious areas contribute considerable amount of runoff (Figure 7d), and the
contribution is more for the phase with the lower imperviousness. Thus, the runoff difference between minor
and major rainfall events tends to diminish with the increase of land use intensity. During the minor rain
storms smaller than 17.5 mm, the total runoff is mostly contributed from impervious areas. This expounds
why runoff and rainfall show a stable linear relationship for minor rainfall events. The question of pervious
area contribution to urban runoff must therefore be separately considered for the minor rainfall events and
the major rainfall events. As no runoff is generated from pervious areas during minor rainfall events, the
contribution of pervious areas to urban runoff would be insignificant. Nonetheless, during major rainfall
events the pervious areas in a periurban catchment greatly contribute to the total runoff. This is also the
reason why the runoff-rainfall regression relationship is different for minor and major rainfall events.
It is well known that urbanization and the increase of impervious surfaces lead to higher rainfall peaks
and a flashy runoff response to rainstorms (Cheng and Wang, 2002; Burns et al., 2005; Guan et al., 2015b),
however, these earlier studies were conducted in spatially distinct catchments with different residential
densities and did not emphasize the different hydrological impacts during minor and major rainfall events.
The SWMM simulations and results show that the impervious surface runoff is proportionally increased with
the increase of imperviousness due to urbanization regardless of rainfall magnitudes. However, for the
pervious runoff, the minor and major rainfall events show a different feature. For the frequent minor storms,
we did not find runoff production from pervious surfaces, yet pervious areas yield considerable amount of
runoff during major rainfall events. Although runoff coefficient per unit pervious area is smaller than that per
unit impervious area, the existence of large pervious areas within the catchment can still generate even more
runoff than the impervious surfaces. Also, the contribution of pervious surfaces to the total runoff diminishes
the runoff difference caused by urban development during major rainfall events.
Soil infiltration is highly dependent on rainfall intensity and the relationship between these two
quantities has been studied in detail (Assouline and Mualem, 1997; Hawke et al., 2006). Dunkerley (2012)
pointed out that rainfall event patterns exert an important effect on soil infiltration and the resulting runoff;
the uniform events with constant intensity yielded the lowest total runoff in comparison to the events with
varying intensity. Similar impacts of rainfall patterns on urban runoff generation were found in this study,
since the pervious runoff in the periurban catchment proved to closely depend on rainfall pattern.
Specifically, no runoff is generated in pervious areas for a prolonged rainfall event with constant low
intensity (pattern 2 in Figure 2). It seems probable that soil has a larger infiltration capacity to permit the
uniform prolonged rainstorm with low intensity to infiltrate. Conversely, the contribution of pervious
surfaces is considerable during the rainfall with high intensity (pattern 3). Periodic pattern of rainfall (pattern
1 in Figure 2) caused runoff generation from pervious surfaces but with a notable decrease of the total runoff
volume in comparison to that during pattern 3, and the threshold for the pervious runoff generation defined
by rainfall depth becomes increasingly smaller with the increase of rainfall intensity. This implies that not
only rainfall depth but rainfall pattern influences the threshold of minor and major storms. Furthermore, the
rainfall pattern influences more the pervious than impervious runoff in a lower imperviousness phase. In
view of the irrelevancy of rainfall pattern and impervious surface runoff, the effects of urbanization on total
runoff in the urban catchment is less clearly seen during events with high rainfall intensity due to the runoff
contribution from the pervious surfaces, i.e. urban development impacts on runoff production are most
clearly observed during uniform rainfall events with low intensity. As explained above, the hydrological
behavior of pervious surfaces is influenced by not only event rainfall depth, but also rainfall intensity.
Several earlier studies (Burton and Pitt, 2002; Said and Downing, 2010; Sillanpää and Koivusalo, 2014) have
identified a threshold of rainfall depth that is considered to trigger a change in hydrological behavior of a
catchment. In fact, rainfall intensity has more significant influence on the threshold value than rainfall depth.
For instance, the thresholds greatly differ from each other during the studied different rainfall patterns. In
consideration of the effects of rainfall pattern on runoff, a conservative smaller estimate would be more
reasonable for the threshold of minor and major rainfall events.
Our modeling study strives for evaluating the hydrological impacts of urban development across various
rainfall patterns including minor and major events, events with low and high intensity, and events with short
and long duration. However, uncertainties are intrinsic to all models (Feyen et al., 2007; Dotto et al., 2014).
The primary sources of uncertainties in this study arise from model parameters and rainfall-runoff
measurements . Firstly, the applicability of SWMM in a rural pervious area is still rare and debatable.
Infiltration and evaporation losses on the pervious surfaces probably cannot be predicted precisely by
SWMM because of the uncertainty related to a relatively simple structure and parameterization of these
processes. Guan et al. (2015b) noted that the modeling errors in runoff were primarily focused on the
prediction of low base flows. The study areas for phase2004, phase2005, and phase2006 are low-medium
density residential areas with 20% - 38% imperviousness, i.e. the majority of the catchment areas are still
covered by forests and lawns. This increases the difficulty of predicting the infiltrated pervious runoff,
particularly the low flows using SWMM. Pellerin et al. (2008) studied the origin of runoff in a 4.1 km2 urban
catchment with a total imperviousness of 25% and noted that subsurface runoff may contribute large
amounts of runoff even in urbanized areas. The runoff generation mechanism assumed in our model exercise
triggers surface runoff from pervious areas, but does not account for subsurface flow contribution to storm
runoff. Our main focus was on the direct surface runoff response to rainfall and we assumed that the
uncertainty of the model in predicting low base flows does not significantly affect the results of surface
stormwater response in the urban catchment. Secondly, SWMM involves a number of uncertain parameters
which has been identified and discussed by previous studies (Krebs et al., 2014; Guan et al., 2015b).
Calibration and validation for all three development phases ensured the quality of the simulations in this
study. The available data was quality-assured for the whole developing period, but there were not enough
high intensity major rainstorms (e.g. P > 40 mm) to calibrate the soil infiltration parameters. This caused
uncertainty in quantifying the runoff volume during the largest rainstorms. To define the threshold for minor
and major events, this study adopts a range set of soil infiltration parameters to diminish such an uncertainty.
The understanding about the storm runoff response to rainfall pattern is qualitatively convincing, whereas
there might be some errors in quantifying the runoff volume and response time of the largest events. Despite
the quality assurance, the datasets of rainfall and flow rates have inherent uncertainty due to the random and
systematic errors associated with the measurement device although the large number of available events
decreases the uncertainties.
Wider implication of results
Urban development continuously occurs in Finland and worldwide. Sustainable urban drainage systems are
becoming increasingly important for urban stormwater and flood management. This requires greater
understanding about the hydrological behavior of developing catchments as a scientific basis of the design
guideline. This study emphasized the hydrological responses during different land cover changes and rainfall
patterns and event magnitudes. Different rainfalls should be treated differently for distinct stormwater and
flood management purposes. Guidelines suggesting different design events for different design purposes
already exist e.g. in stormwater manuals for different states in the U.S.(Sillanpää, 2013), but in many
countries, such as in Finland, these guidelines are seemingly arbitrary or borrowed from other locations
without clear reasoning based on the local hydrology. Particularly in climates where rainfall is dominated by
frequently occurring small storms, the identified threshold in this study for minor and major events aids
classifying storms based on a clear hydrological principle. The threshold can be used in formulating
management objectives for each classification, e.g. the restoration of the predevelopment hydrology, water
quality protection, erosion control and flood control. The direct runoff response to frequent minor storms is
the most strongly affected by urbanization (e.g. Sillanpää and Koivusalo, 2015) and, as we showed in the
current study, the magnitude of direct storm runoff during small storms is rather insensitive to the temporal
rainfall pattern and more related to the impervious surfaces in urban catchment, but less to pervious area. On
the basis of these results, it is suggested that by addressing impervious runoff appropriately the changes in
predevelopment hydrology can be minimized cost-efficiently during frequently occurring storms although
the full restoration of predevelopment hydrology seems a rather cumbersome task (Guan et al., 2015a).
In contrast to minor storms, the rainfall intensity and pattern affect soil infiltration during infrequent
major storms and thereby trigger surface runoff from pervious area. The fact that the pervious areas start
contributing surface runoff implies that urban flood management should be paid more attention to. Our
results show that a major storm with short-time but high intensity can cause much more storm runoff and it is
more possible to induce urban flooding in comparison to a constant rainfall of long duration and the same
depth. Hence, in stormwater modelling for practical purposes of urban flood control, the temporal
distribution of design storms should be carefully determined e.g. for finding the worst case scenario for a
particular location. The results raise the awareness to various storm runoff responses and provide a
hydrological support for sustainable urban stormwater/flood management. Although the study was based on
a specific catchment, the method could be widely used or extended to any other developing urban catchment.
Additionally, the uncertainty related to finding suitable soil parameters for the study catchment from the
large range of possible values underlines the great uncertainties involved in real life urban runoff
management design, when e.g. biofiltration or infiltration systems are planned and modelled for ungauged
urban catchments.
CONCLUSION
This study investigated the combined effects of land cover changes, rainfall patterns and event magnitudes
on stormwater runoff using the stormwater management model (SWMM). The contribution of pervious
surfaces was emphasized in a small developing catchment. The model was globally parameterized, calibrated
and validated in three development phases of the urban catchment: phase2004, phase2005 and phase2006.
Various recorded events and three artificial events were then simulated by the validated model. From the
results and discussion, the following conclusions are drawn out:
(1) A threshold for minor and major rainfall events exists in an urban catchment, and minor and major
events yield distinct P-R relationships. For minor events, rainfall and runoff has a linear relationship
which is not affected by soil infiltration. However, the rainfall-runoff regression line for major
rainfall events has a clearly steeper slope than that for minor events.
(2) The threshold for minor and major rainfall events is hardly affected by the imperviousness. For this
particular site, the threshold is conservatively determined to be approximately 17.5 mm of rainfall
depth. The events with a total rainfall depth greater than 17.5 mm are considered as major rain
storms, and those lower than 17.5 mm are regarded as minor rain storms.
(3) The direct impervious runoff is significantly influenced by land cover changes, and it is increased
with the increase of imperviousness, but the pervious runoff is conversely reduced.
(4) During major rainfall events the pervious runoff diminishes the change in urban runoff due to
urbanization.
(5) The response time of pervious runoff is notably longer compared to that of the impervious surface
runoff during high intensity rainfalls.
(6) Among the major rainfall events, prolonged events with unvarying low intensity yield the smallest
peak flow and the smallest total urban runoff, whereas urban runoff is considerably increased during
rainfall events with high peak intensity.
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